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Shedding light on dark sectors with gravitational waves
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The nature of dark matter remains one of the greatest unsolved mysteries in elementary particle physics.
It might well be that the dark matter particle belongs to a dark sector completely secluded or extremely
weakly coupled to the visible sector. We demonstrate that gravitational waves arising from first-order phase
transitions in the early Universe can be used to look for signatures of dark sector models connected to
neutron physics. This introduces a new connection between gravitational-wave physics and nuclear physics
experiments. Focusing on two particular extensions of the Standard Model with dark U(1) and SU(2) gauge
groups constructed to address the neutron lifetime puzzle, we show how those signatures can be searched
for in future gravitational-wave and astrometry experiments.
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I. INTRODUCTION

Elementary particle physics is a unique area of science in
the sense that it attempts to answer the most fundamental
questions about the Universe and its basic constituents. The
currently accepted Standard Model works extremely well
and precisely describes interactions of the known particles
in the visible Universe. It has withstood experimental tests
for the last 50 years since its formulation in the 1970s [1-8],
culminating in the discovery of the Higgs particle in 2012 at
the Large Hadron Collider [9,10].

Nevertheless, the discovery of dark matter from galactic
rotation curves in the 1970s [11] constantly reminds us that
this is not the end of the story. Its existence has been
confirmed through various other observations, including
the cosmic microwave background [12] and gravitational
lensing [13]. However, the nature of dark matter remains a
puzzle and is certainly one of the most intriguing and
crucial questions to answer. We do not even know whether
it is an elementary particle or a macroscopic object. The
mass of an elementary particle could be anywhere between
~1073" GeV (fuzzy dark matter [14,15]) and ~10'° GeV
(WIMPzillas [16,17]), with many well-motivated candidates
situated closer to the center of this mass spectrum [18]. If
macroscopic, dark matter objects can have masses between
~10" GeV (dark quark nuggets [19]) and ~10° GeV
(primordial black holes [20,21]). Thus far, searches at the
Large Hadron Collider, direct-detection experiments (such
as XENONnT [22]), and indirect-detection experiments
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(e.g., Fermi Satellite [23]) have produced only upper limits
on the dark matter couplings to the visible sector.

In light of the null dark matter search results, especially
for some of the best-motivated candidates such as the
weakly interacting massive particles in the O(100 GeV)
mass regime, one needs to use any theoretical and exper-
imental hints currently available. From a theoretical per-
spective, it is intriguing that the abundances of dark matter
and ordinary matter are of the same order, which suggests
that the two sectors might be related and perhaps share a
common origin. Theories of asymmetric dark matter are
based on this assertion and turn this observation into a
prediction for the dark matter mass to be O(GeV), at the
same time explaining the matter-antimatter asymmetry of
the Universe [24—29]. This mass range for the dark matter
particle has also triggered increased interest on the exper-
imental side, as it was demonstrated that an O(1 GeV) dark
matter particle might appear in the final state of the new
dark decay channel of the neutron, providing a possible
explanation of the neutron lifetime anomaly [30] in nuclear
physics experiments.

This anomaly arises from the discrepancy between two
qualitatively different types of measurements of the neu-
tron lifetime. In the first type of experiments, the bottle
method, ultracold neutrons are trapped in a container
whose interior is padded with neutron-reflecting material.
The container is then emptied at various storage times and
the number of remaining neutrons is determined using a
proportional counter. An exponential decay curve is then
fitted to those data points and the neutron lifetime is
extracted from the fit. The average of the bottle neutron
lifetime experiments [31-38] is 70°"¢ = 878.4 £ 0.5 s. In
the second type of measurements, the beam method, a
beam of cold neutrons passes through a quasi-Penning
trap, which collects and counts the protons from neutron
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decays, enabling the determination of the neutron decay
rate involving protons in the final state. Estimating the
number of neutrons in the beam, the neutron lifetime is
calculated by dividing this number by the rate of decay to
protons. The average of the beam neutron lifetime mea-
surements [39-42] is 79%*™ = 888.0 + 2.0 s, which is four
standard deviations away from the bottle result.

Although this mismatch may be due to some unknown
systematic errors, it was demonstrated in [30] that a neutron
decay channel into dark-sector particles can account for
this. In particular, if the branching fraction for neutron beta
decay is 99%, whereas the remaining 1% of decays involve
particles from a dark sector with no protons in the final
state, the two experimental results are reconciled. This
proposal for the existence of a neutron dark decay channel
was followed by a plethora of theoretical works [43-57]
and experimental efforts and proposals [58-66]; for a
review, see [67]. In this paper, we complement this
literature by analyzing the possible gravitational-wave
signatures from UV-complete theories constructed for the
neutron dark decay channel, focusing on the models
constructed in [48,54].

Recently, a novel and very promising avenue of
probing particle physics models has emerged with the
first confirmed detection of gravitational waves by the
Laser Interferometer Gravitational-Wave Observatory
(LIGO) [68]. Although this signal and some O(100)
subsequent events arose from mergers of black holes
and/or neutron stars, gravitational waves could have been
produced in the early Universe as well. Among the most
spectacular hypothetical processes occurring shortly after
the big bang and leading to a potentially measurable
stochastic gravitational-wave background today are first-
order phase transitions [69], cosmic strings [70,71],
domain walls [72], and inflation [73].

First-order phase transitions are especially interesting,
since they strongly depend on the particle-physics details.
They are triggered when the effective potential develops a
deeper minimum (true vacuum) at a nonzero field value
separated from the high-temperature minimum (false vac-
uum) by a potential barrier. When a given point in the
Universe transitions from the false vacuum to the true one,
this corresponds to a nucleation of an expanding bubble of
true vacuum. Such a process can happen at multiple points
in space, eventually causing the entire Universe to tran-
sition to the true vacuum state. During the bubble nucle-
ation and expansion, gravitational waves are emitted from
sound waves in the primordial plasma, bubble collisions,
and turbulence. There is vast literature on the subject
analyzing a plethora of particle physics models, inclu-
ding new electroweak-scale physics [74-82], dark sectors
[83-90], axions [91-94], unification [95-98], conformal
invariance [99,100], supersymmetry [101,102], left-right
symmetry [103,104], neutrino mass models [105-108],
baryon and lepton number violation [109-111], flavor

physics [112,113], and leptogenesis [114,115]. For a
review of the subject, see, e.g., [116], and for the LIGO
observing run O3 constraints on particle physics models,
see [117].

The reach of gravitational-wave observations will
improve considerably with future detectors, such as the
Laser Interferometer Space Antenna [118], Cosmic
Explorer [119], Big Bang Observer [120], Einstein
Telescope [121], and DECIGO [122]. In addition to
gravitational-wave measurements using interferometers,
there are several existing and upcoming observational
efforts to detect gravitational waves through their effect
on pulsar timing arrays, which are sensitive to much
lower frequencies. These include NANOGrav [123],
PPTA [124], EPTA [125], IPTA [126], and SKA [127].
It is worth noting that NANOGrav recently detected a
stochastic gravitational-wave signal in the ~1078 Hz
frequency region [128].

The aim of this paper is to demonstrate that gravitational-
wave experiments grant access to a yet unexplored param-
eter space of models relevant for nuclear physics. For
concreteness, we focus on two models constructed for
neutron dark decay and describe them in Secs. II and III,
with both of them containing a dark sector, but only the
second one accommodating dark matter. Section IV ana-
lyzes the first-order phase transition in each model. Finally,
in Sec. V we derive the expected gravitational-wave
signatures and comment on their relation to the recent
NANOGrav signal. Our findings are summarized in Sec. VI.

II. MODEL 1

The first model we consider is based on the symmetry
(48]

SU(3). x SU(2), x U(1)y x U(1)p, (1)

with the dark U(1), gauge group spontaneously broken at
the energy scale O(60 MeV). The neutron dark decay
channel proposed in [48] is n — yA’, where y is a dark
fermion and A’ is a dark photon.

In this section, we complement this analysis by consid-
ering, within the framework of this model, the neutron dark
decay channel n — y¢, where ¢ is the scalar responsible
for U(1), symmetry breaking. As will be shown in Sec. V,
this scenario leads to a measurable gravitational-wave
signal.

A. Particle content and Lagrangian

The theory extends the Standard Model by introducing
the following new fields:
(1) Complex scalar ¢ = (1, 1,0, 1) with baryon number
B, = 0, responsible for the breaking of U(1).
(2) Dirac fermion y = (1,1,0,1) carrying B, =1, a
dark particle and product of neutron dark decay.
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(3) Dark photon A’ from U(1),, breaking, which alle-
viates neutron star constraints.

(4) Two complex scalars triplets ®; = (3, 1% —1) and
@, = (3,1,1,0), with By = —2/3, providing the
interactions for the neutron dark decay to be
triggered.

The beyond-the-Standard-Model Lagrangian terms rel-

evant for neutron dark decay and generating masses for y,

A, ¢ are

UD 2712
£5 D H[W - (ﬁ) } AP —m)y

+ M d'Pp y®@y; + e *u§ Prd @y

‘ 1 0
DD = 1 Fl W =D F 2)

where the covariant derivative is D, = 9, — igpA;, and i, j,
k are color indices. A nonzero o parameter allows for a
kinetic mixing between A’ and the photon, leading to the
decay channel A" — eTe™.

Upon spontaneous breaking of the U(1), gauge sym-
metry when ¢ develops the vacuum expectation value
(@) =vp/ V2, the dark photon and scalar ¢ acquire the
masses

my = dpUp
\/z ’
mgy = 24vp. (3)

We assume that the masses of the scalars @, and @, are
generated at a higher scale and are much larger than the
masses of y, A’, ¢, so they can be integrated out.

B. Low-energy effective theory

Below the mass scale of @ and ®,, an effective coupling
of the dark particle y to the neutron and ¢ is generated,

8\/§ _
[’n)((/1 = —nPL)(d)v (4)
Up
where
A
e :ﬁﬂgD 12 2’ (5)
Mg, Mg,

with f being the matching coefficient determined from
a lattice calculation, f = 0.0144(3)(21) GeV? [129].
Therefore, after U(1),, breaking, the nonstandard contri-
bution to the effective Lagrangian at the nuclear level is

FIG. 1. Possible neutron dark decay channel n — y¢ in the
dark U(1),, model [48] and in the dark SU(2),, model [54].

_. _ _ 1
Legs = (i — my )y + e(iy + jyn) — Emi,A’”A;,
1)

1 2
S Ry ev2 (Ay +zn)p.  (6)
4 2 UD

Depending on the details of the spectrum of the theory,
these interactions can lead to neutron dark decay. The
focus of [48] was on n — yA’, which would yield a rate of

2 2 2 3

e my=m) (_wd !
I Al = 1- . 7
(n > 24") 87 m3, ( (m,, — mx)2> ()

However, the other possibility within this model, not
analyzed in [48], is the decay channel n — y¢ (see Fig. 1).
We find that the corresponding neutron dark decay rate is

82
F(I’l _))“b) = Szv2m \/(mn - m;()z - miﬁ
D"n

X \/(m,, +m,)? - mé) (8)

As discussed below, there exists a range of parameter
values for which this decay rate corresponds to a neutron
decay branching fraction of 1%, which is needed to explain
the neutron lifetime discrepancy, while remaining consis-
tent with all experimental and observational constraints.

C. Phenomenology

Given the complexity of the relations between param-
eters in the model, we focus on particular benchmark
scenarios with fixed masses for y and ¢. The constraints
arise from various cosmological and astrophysical obser-
vations, but they are not very sensitive to the precise
choices of the particle masses.

1. Neutron dark decay

To prevent neutrons in stable nuclei from undergoing
dark decays, one requires [60]

937.993 MeV < m, + m,, < 939.565 MeV,  (9)
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where the lower bound is slightly higher than in the original
proposal [30] due to taking into account a rapid disinte-
gration of excited ®Be into two a particles. The dark particle
x 1s assumed to be Dirac to avoid bounds from dinucleon
decay searches. In addition, when ¢ develops a vacuum
expectation value, the interaction in Eq. (4) produces the
mixing term 7y, which could also lead to the decay of
stable nuclei. To kinematically forbid such decays, we
require

m, > 937.993 MeV. 10
X

One of the benchmark points (A) we consider is

m, =938 MeV, my =0.85MeV,  my =10 MeV.

(11)

In order to resolve the neutron lifetime discrepancy through
a 1% branching fraction for the dark decay [30], one needs
[(n — y¢) ~7 x 1073° GeV. For benchmark (A), this is
equivalent to having

e~ 1.6 x 107" MeV. (12)

2. Neutron stars

Constraints from observed neutron star masses [43-45]
on the models originally proposed in [30] are alleviated by
self-interactions in the dark sector mediated by the dark
photon. In particular, the resulting repulsive interaction
between y and the neutrons make the neutron star equation
of state stiffer. To account for masses of 2M, i.e., the
largest neutron star masses observed, it is sufficient to
require [48]

Up mA/<
— = < (45-60) MeV, 13
\/§ 9p ( ) ( )

depending on the assumed nuclear star equation of state. In
our analysis, we fulfill Eq. (13) by setting v, = 60 MeV.

3. Cosmology

Further constraints arise from big bang nucleosynthesis,
measurements of the cosmic microwave background, and
supernova observations. These bounds strongly disfavor a
dark photon A’ with mass less than 2m,. As shown in [48],
for my = 1.35 MeV the allowed range for the parameter &
is limited to 2 x 107! <6 <2 x 107, while the dark

gauge coupling gp > 0.07. These bounds are fairly inde-
pendent of the value of mys as long as my > 2m,.

In the scenario we consider, i.e., n — y¢, the dark
photon mass does not need to be small. Increasing my
loosens the cosmological and astrophysical bounds on the
model. In addition, we are not considering the case when
the dark photon or the dark scalar are the dark matter, which
eliminates direct and indirect dark matter detection bounds.

Furthermore, the case of a heavier dark photon is
preferred for the gravitational-wave signals. Based on
Eq. (3), the ratio of the dark photon mass and dark scalar
mass is

my  dp

m¢_2—\//—1’

(14)

while gravitational waves from first-order phase transitions
(as discussed in Sec. V) provide the strongest signals when

gp/(2v/2) > O(1), which corresponds precisely to the case
of a heavier dark photon.

We also note that in the gravitational-wave analysis of
the model, we remain general and go beyond the parameter
space allowing for a neutron dark decay channel, e.g., we
also consider ¢ and A’ masses in the multi-MeV range.

III. MODEL 2

We now turn to the model based on the gauge group [54]
SU(3), x SU(2), x U(1), x SU(2), (15)

where SU(2), is broken at energies O(60 MeV). There are
three scenarios for the neutron dark decay proposed in [54],
but we focus on n — y¢, where y is a dark fermion and ¢ is
the scalar responsible for SU(2),, breaking. In Sec. V we
will demonstrate that this scenario can be probed with
gravitational waves and discuss how this case differs from
the Abelian model described in Sec. II.

In its structure, Model 2 is very similar to Model 1, but
with three differences:

(1) The complex scalar ® = (1, 1,0, 2) responsible for

the breaking of SU(2),, is a dark doublet,

=5 (G| +iG,)
N . (16)
¢+vp .
T + lG3

(2) Upon symmetry breaking, instead of one dark
photon, there are three dark W'® gauge bosons
(a=1,2,3).
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(3) The complex scalar triplet ®; is now an SU(2),

doublet: ®; = (3,1,1,2).

The Lagrangian takes the form

272
2 2 YD =(:
+ [ d' Py ®@; + AR Prd @y
1
4
+ [e) Tr(@T *@WIE F) + ¢, Tr(DF e OW/e Fv)

+ 3 Tr(@ e @We F*) + H.c], (17)

+p®;®5'® +He.| - Wi wrem

where the covariant derivative is D, = 9, — igpt*Wy,, W},
is the SU(2),, field-strength tensor, and its dual is given
by W//Z/ = ”Mlﬂw/a.aﬁ‘

Upon spontaneous breaking of SU(2),, when @ develops
its vacuum expectation value,

sl

the dark W’ gauge bosons and the radial component of the
scalar ®@ acquire the following masses:

o 9dpUp
\/z k)
my = 24vp. (19)

Assuming again that the masses of the scalars ®; and @,
are generated at a higher scale than vp, and upon
integrating them out, one arrives at a similar low-energy
effective theory as for Model 1 in Eq. (6), but with the dark
photon terms replaced by those containing the W'* gauge
boson fields.

Depending on the masses of the particles, the possible
dark decay channels for the neutron are n — yW’ and
n — y¢. For similar reasons as before, i.e., to have a
scenario with measurable gravitational-wave signals, we
assume

myy 9p
=2=> 0O(1). 20
my 20 (1) (20)

Consequentially, we focus again on the n — y¢ dark decay
channel (see Fig. 1), since it is realized when the condition
in Eq. (20) is fulfilled. The formula for the decay rate is
identical to that in Eq. (8), and there is again a range of
possible parameter values for which this decay rate yields a
neutron dark decay branching fraction of 1%.

We consider the benchmark point (A)’, similar to (A) for
Model 1, but with the dark photon replaced by W/,

m, =938 MeV, my = 0.85 MeV, my =8 MeV,

(1)

which results in the same value of € as that in Eq. (12).
Neutron star constraints translate to
Up myy

= W < (45-60) MeV, 22
N ( ) (22)

and we again take v, = 60 MeV.

It was argued in [54], in agreement with [48], that y
cannot be the sole component of dark matter. At the same
time, it was demonstrated that the dark matter can be made
up of a combination of ¢ and W%, or just the W',
depending on the region of parameter space. These dark
matter particles would be produced via the freeze-in
mechanism [54].

Constraints arising from cosmology, astrophysics (other
than neutron stars), and dark matter direct detection are all
less severe than the requirement of the correct dark matter
relic density. In particular, the big bang nucleosynthesis
bounds are mild as long as my, > 2m,, the cross section for
indirect dark matter detection is extremely small and does
not provide any noteworthy bound, and the direct dark
matter detection constraints are even less constraining.

The cosmological and astrophysical bounds on the model
are not very sensitive to m, leading to similar exclusion
regions for our benchmark point as in scenario C in [54],
ie., for the dark gauge coupling gp > 0.05 and the
coefficient for the first trace term in Eq. (17) ¢; <
(10714,107%) GeV~2 as g changes in the range (0.05,1).

IV. FIRST-ORDER PHASE TRANSITION

We now investigate the possibility of a first-order phase
transition being triggered by U(1),, breaking in Model 1
and SU(2), breaking in Model 2 around the scale
O(60 MeV). We first calculate the effective potential for
both models, and then determine the effective action for the
bounce solution. This is then used to find the phase
transition parameters a, ﬁ and T,, ultimately leading to
a prediction for the gravitational-wave signal, as derived
in Sec. V.

A. Effective potential

The effective potential consists of three parts: the
tree-level V..(¢), the one-loop Coleman-Weinberg cor-
rection Vi,,,(¢), and the finite-temperature contribution
Viemp(®. T), where ¢ is the background field,

Veff(go’ T) = Vtree((p) + Vloop((p) + Vtemp((p7 T)' (23)

Plugging into the formula for the tree-level potential the
value of my, obtained by minimizing the potential, one
arrives at
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1 1
Vlree((p) = _E/IUZD(/)z + 1/1(04 (24)

To determine the one-loop contribution, we implement the
cutoff regularization scheme and choose the minimum of
the potential at zero temperature and the mass of ¢ to be
equal to their tree-level values. This leads to [130]

Vieop(®0) = Z (8’:;)2 {mi‘(fﬂ) {log (,ﬁ(%j)) - %]

+2m%<<o>m%<vp>}, (25)

where the sum is over all particles charged under U(1),
[SU(2),], including Goldstone bosons, 7; is the number of
degrees of freedom for a given particle species, and m; are
the background field-dependent masses [with the substi-
tution mg(vp) — my(vp) for the Goldstones].

We find that the background field-dependent masses for
the U(1), charged particles in Model 1, ie., the dark
photon A’, the scalar ¢, and the Goldstone boson &, are

my (@) = gpp.  my(p) = \/A(3¢* — v}),

me(g) = \/A(@* = v}), (26)
with ny =3 and ny = n; = 1.

In the case of Model 2, the SU(2),, charged particles,
i.e., the dark gauge bosons W%, the scalar ¢, and the
Goldstone bosons &%, have the same background field-
dependent masses and number of degrees of freedom as the
dark photon, scalar, and Goldstone boson in Model 1,
respectively. However, the difference is that there are three
W' gauge bosons and three Goldstone bosons in the
summation.

The temperature-dependent part of the effective potential
is given by [131]

2
5 My ()

T = Ly faat
Vtemp((/), T) = 27[22}’11"/0 dxx2 log 1 Fe * -

g Do) =it + TP}

(27)

The first part of this expression (sum includes all particles)
corresponds to one-loop diagrams, whereas the second part
(sum includes only bosons) comes from daisy diagrams,
with only longitudinal degrees of freedom for vector
bosons involved. The thermal masses IT;(7') are calculated
using the formalism presented, e.g., in [132]. Assuming
A < 1, which is fulfilled for the parameter space consid-
ered, we obtain the results below.

2x10*

104 |

0 20 40 60 80
¢ [MeV]

FIG. 2. Effective potential for the U(1), model assuming
gp = 0.8, vp =60 MeV, and 1=0.01, plotted for several
temperatures.

The thermal masses for the dark photon A’, scalar ¢, and
Goldstone boson in Model 1 are

1
My (T) = gglz)sz

1
M,(T) = T(T) = 7 gpT*, (28)
The values for n; are the same as in the zero-temperature
calculation, whereas ', = 1 and ”Zp = né =1.

In the SU(2), scenario of Model 2, the thermal
masses are

My (1) = 2 372

I1y(7) = T(T) = 3 37", (29)
In this case, ny =3, ny, =1, n, =n; = ”;s = nff =1,
and there are again three W and three & fields.

The effective potential for Model 1, assuming g, = 0.8,
vp = 60 MeV, A = 0.01, and several values of the temper-
ature, is plotted in Fig. 2. As the temperature drops, a new
true vacuum at ¢ # O appears with lower energy density
than the ¢ = 0 false vacuum. The two vacua are separated
by a potential barrier, which may result in a first-order
phase transition triggering bubble nucleation.

B. Bubble nucleation

The transition from the false vacuum to the true vacuum
is initiated when the temperature drops below the nucle-
ation temperature 7',. When this happens, bubbles of true
vacuum are nucleated in various parts of the Universe. The
nucleation temperature is calculated by comparing the
bubble nucleation rate T'(7") with the Hubble expansion
rate, since only when the two are comparable will the
nucleation be efficient enough to continue. We are therefore
looking for a solution to
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L(T,) ~H(T,)", (30)

with the nucleation rate [133]

0~ (50) ren(-ST). o)

Here S(T) is the Euclidean action,

S(T) = 4”/ drr? B (%)2 + Vet (@, T)} (32)

where ¢,,(r) is the bounce solution determining the profile
of the expanding bubble, i.e., the solution of the equation

o 2dp  dV(e,T)

- =0 33
dr*  rdr dg (33)
subject to the boundary conditions
dop
— =0, = Pralse- 34
dr| _, @(0) = ¢ (34)

Using Egs. (30) and (31), the nucleation temperature 7, is
then determined by solving

S(T,) _ Moy, 4n3g, (27T, \i
o ~4log{T* —2log 5 \sT) | (35)

*

where Mp, is the Planck mass.

C. Phase transition parameters

After computing the nucleation temperature, the param-
eter a describing the phase transition strength is determined
from

o pvac(T)
‘= prad(T) T:T*’ (36)

i.e., the offset between the two vacua’s energy densities
= Veff(gofalse’ T) - Veff(¢tme7 T)

0
- Tﬁ [Veff(qofalsev T) - Veff((/)true’ T)] (37)

pvac (T)

divided by the energy density of radiation

7> 4
2 T) ===g,T". 38

The parameter f, determining the inverse of the duration of
the phase transition, can be calculated via

()

- (39)

T=T,

V. GRAVITATIONAL-WAVE SIGNAL

When bubbles of true vacuum are nucleated and vio-
lently expand, the combined effect of collisions between
their walls, sound shock waves in the plasma, and magneto-
hydrodynamic turbulence gives rise to gravitational waves,
which propagate through the Universe and would reach us
today in the form of a stochastic gravitational-wave
background.

The shape of its spectrum has been successfully modeled
through numerical simulations. It depends on four param-
eters: v,,, the speed of the bubble wall, which we take to be
the speed of light (see [134,135] for other choices); 7., the
nucleation temperature; «a, the strength of the phase
transition; and ﬁ the inverse of its duration. Their values
are determined by the shape of the effective potential and
thus are governed by the details of the particle physics at
play in the early Universe. This establishes a connection
between the Lagrangian parameters of a given particle
physics model and the spectrum of the resulting gravita-
tional waves.

The contribution from sound waves is given by the
empirical formula [135,136]

thS(f)zlgx}o—5 <1oo>%<az<s>2 (f/fs)PY N
p s a+1) [1+0.75(f/f,)°]
(40)
where
[04
KS

T 0.73+0.083a+a’

T G. \o~
_ -9 * *
fi = (19X 107 Hz) (10 Mev> (100) b

Yoo (41)

8x'/3 a+l1
1+ 5\ 3ax,

are, respectively, the fraction of the latent heat transformed
into the bulk motion of the plasma [134], the peak
frequency for 2?Q,, and the suppression factor [137,138].

The contribution to the gravitational-wave spectrum
from bubble-wall collisions is [69,135,139]

20 (f)~4.9><10_6 ak, \2 (100\3
TR at+1) \ g

(f/fe)*®
1+2.8(f/f)*
(42)
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FIG. 3. Gravitational-wave signatures of a first-order phase
transition in the dark U(1), model [48] assuming v, = 60 MeV,
plotted for the Lagrangian parameters (gp, A) specified in Table L.
The shaded regions correspond to the reach of future gravita-
tional-wave and astrometry experiments: SKA [127] (orange),
MARES [143] (green), THEIA [144] (blue), GAIA [145,146]
(purple), and the 15-year NANOGrav signal region [128] (red).

where
24—7 %a+0.72a
=T 0720
T G. \5~
=(3.7x 1079 Hz) [ —2— - 4
fe=B7x10 Z)(IOMeV><IOO>'B (43)

are the fraction of the latent heat deposited into the bubble
front [140] and the peak frequency for h>Q,, respectively.

Last, the contribution from magnetohydrodynamic tur-
bulence is given by [141,142]

3.4 x 107 [ aex, \3
o) < M50 (2

p a+1
y <100>% (f/f.)?
9. ) (1 +8zf/h)(1+ f/ )NV

(44)

in which € is the turbulence suppression parameter, which
we set to € = 0.05 following [135], and where

T g §~
—(27x10° Hz) (| (&
fi= (2710 Z)<10Mev><1oo> b

_ T, g \¢

are the peak frequency and inverse Hubble time at
gravitational-wave production redshifted to today [135],
respectively.

F U(1l)p
0.02 | UD=((30)MeV THELA
i (D)
~< SKA
0.01f
(,é) GAIA
00.2 0:4 0i6 0i8 1i0

FIG. 4. Parameter space (gp,4) for which the gravitational-
wave signal from a first-order phase transition in the dark U(1)
model is discoverable with a signal-to-noise ratio of at least 5
after the mission lifetime is completed for each of the experi-
ments: GAIA (purple), THEIA (blue), SKA (orange), and
UARES (green). The circled dots correspond to the signal curves
in Fig. 3.

The combined stochastic gravitational-wave spectrum
from phase transitions is obtained by adding the three
contributions,

W*Qqw(f) = RQ(f) + Qc(f) + Qu(f).  (46)

Upon performing the procedure outlined in Sec. IV for
various values of the gauge coupling g, and the quartic
coupling 4 within the dark U(1), model, keeping the
vacuum expectation value fixed at vp = 60 MeV, and
using the empirical expressions in Egs. (40)—(46), we arrive
at the representative gravitational-wave signals shown in
Fig. 3. The curves correspond to the four choices of the
Lagrangian parameters: (gp,4) = (0.24,0.0001) [brown
solid line, curve (A)], (gp,4) = (0.8,0.008) [black solid
line, curve (B)], (gp,4) = (0.9,0.012) [long-dashed line,
curve (C)], and (gp,4) = (1.0,0.018) [short-dashed line,
curve (D)]. We overplot the anticipated sensitivities of future
experiments: the pulsar timing array SKA [127], the space-
based interferometer 4ARES [143], and the astrometry

TABLEI. Correspondence between the Lagrangian parameters
(9p,A) of the U(1), model (vp = 60 MeV) and the resulting
phase transition parameters (o, 3, T,) for the signals plotted in
Fig. 3.

U(1), model parameters Transition parameters

m¢ my T*
Signal gp A [MeV] [MeV] a B [MeV]
(A) 0.24 0.0001  0.85 10 0.7 6600 3.6
B) 0.8 0.008 7.6 34 4.3 20 4.0
©) 0.9 0.012 9.3 38 1.0 30 5.9
(D) 1.0 0.018 114 42 0.4 80 8.5
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FIG. 5. Gravitational-wave signals arising from a first-order

phase transition in the dark SU(2), model [54] assuming
vp = 60 MeV, plotted for the Lagrangian parameters (gp,4)
specified in Table II. The shaded regions correspond to the
predicted sensitivity of future experiments, as explained in the
caption of Fig. 3.

proposals THEIA [144] and GAIA [145,146]. In addition,
we include the signal region suggested by the NANOGrav
15-year data [128].

As noted earlier, in our analysis we consider the entire
parameter space of the U(1),, model, not just the region for
which a neutron dark decay channel is kinematically
available. Out of the four signals plotted in Fig. 3, only
curve (A), which is equivalent to the benchmark point (A)
given by Eq. (11), allows for the neutron dark decay channel
n — y¢ to exist with a branching fraction of 1%.

The central peak of each of the signals is determined
predominantly by the sound-wave contribution. The small
bump visible on the left side of each spectrum is due to the
bubble collision contribution, whereas the changes in slope
on the right sides of the spectra is due to the magneto-
hydrodynamic turbulence contribution. We note that the
sound-wave component would completely overwhelm the
other contributions to the spectrum if not for the significant
suppression coming from Y in Eq. (40), reducing the signal
by a factor of O(10-100). Our plots take into account this
large suppression, without which the signals would be much
stronger.

Table I specifies the first-order phase transition param-
eters: strength a, inverse of its duration £, and nucleation
temperature T, corresponding to the Lagrangian param-
eters (gp,A) selected for the four signal curves. It also
provides the masses of the scalar ¢ and dark photon A’.
The peak frequency of the signal depends on the duration
of the phase transition and the nucleation temperature, as
described by Eq. (41); for faster phase transitions (larger )
and higher nucleation temperatures, the peak shifts to
higher frequencies. Furthermore, the height of the peak is
determined by the strength of the phase transition and its

F SU(2)D
0.06 | vp=60 MeV

0.04
B {ARES SEA
g ©y
002 r (B)I
Ay GAIA
0 b A A
02 04 06 08 10

FIG. 6. Parameter space (gp,4) for which the gravitational-
wave signal from a first-order phase transition in the dark SU(2)
model can be observed in future gravitational-wave and astrom-
etry experiments, as explained in the caption of Fig. 4. The circled
dots correspond to the signal curves shown in Fig. 5.

duration, resulting in a stronger signal for larger values of
a and longer phase transitions, i.e., characterized by a
smaller /3.

A comment regarding the O(1-10) MeV nucleation
temperatures is in place. In general, low values of T, are
tightly constrained by big bang nucleosynthesis and mea-
surements of the cosmic microwave background radiation.
A detailed analysis of the resulting bounds on the allowed
nucleation temperatures for first-order phase transitions
was carried out in [147,148]. Depending on the strength of
the transition a, the lower limit on the nucleation temper-
ature varies in the range O(1-2 MeV). As seen from
Table 1, all of the points we selected satisfy these bounds.

To determine how much of the parameter space of the
U(1), model can be probed in gravitational-wave and
astrometry experiments, we perform a scan over (gp,4).
Figure 4 shows the regions of parameter space for the gauge
coupling gp versus the quartic coupling A that give rise to
signals detectable with a signal-to-noise ratio greater than 5
during the mission lifetime of GAIA (purple), THEIA
(blue), SKA (orange), and uARES (green). For a given

TABLE 1II. Translation between the fundamental parameters
(gp.A) of the SU(2),, model (v, = 60 MeV) and the resulting
phase transition parameters (@, 3, T,) for the signals plotted in
Fig. 5.

SU(2),, model parameters Transition parameters

gy My T.

Signal  gp 2 [MeV] [MeV] « Vi [MeV]

(A 0.19 0.0001 0.85 8 0.5 8700 33
(B 0.8 0.022 126 34 1.7 10 4.9
(Cy 09 0.034 156 38 0.8 20 6.7
(D) 1.0 0.050 19.0 42 0.4 30 8.4
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value of gp, the larger the value of the quartic coupling 4,
the weaker the signal and the higher the nucleation temper-
ature. Thus, for each gp the lower bound on A corresponds
to the lowest possible nucleation temperature for that value
of gp, and below this bound the value of S(T)/T is too
large for Eq. (35) to be satisfied. The upper bound on 4
arises from the limited sensitivity of an individual experi-
ment. We note that all points in Fig. 4 fulfill the big bang
nucleosynthesis and cosmic microwave background con-
straints discussed in [147,148]. Lowering the value of 4 by
too much for the benchmark point (A) (in order to
strengthen the signal), although corresponding simply to
choosing a smaller mass of ¢, would lead to a lower
nucleation temperature inconsistent with the discussed
cosmological bounds. Therefore, the U(1), model with
the neutron dark decay channel n — y¢ open can only be
probed by the #ARES experiment.

Quite remarkably, having chosen the vacuum expect-
ation value vp = 60 MeV that saturates the neutron star
bound in Eq. (13), there exists a range of parameters for
which the signal lies in the region of interest for the
NANOGrav 15-year data result and which, at the same
time, can be searched for in all other experiments consid-
ered here: GAIA, SKA, THEIA, and #ARES. A detailed
analysis of how well our signal fits the NANOGrav region
is beyond the scope of this paper, especially since that case
does not allow for the n — y¢ decay channel to exist. We
refer the reader to the thorough model-independent analysis
in [128].

Performing the same analysis as above for the dark
SU(2),, model, again keeping the vacuum expectation value
fixed at vp = 60 MeV, we obtain the gravitational-wave
signals shown in Fig. 5. For an easier comparison with the
previous case, three signal lines are chosen to correspond to
the same values of the gauge coupling gp, as those in Fig. 3.
The four signal curves in Fig. 5 correspond to the following
parameter choices: (gp,4) = (0.19,0.0001) [brown solid
line, curve (A)'], (gp,4) = (0.8,0.022) [black solid line,
curve (B)'], (gp.4) = (0.9,0.034) [long-dashed line, curve
(C)], and (gp, 1) = (1.0,0.050) [short-dashed line, curve
(D')]. We overplot the predicted sensitivities of future
gravitational-wave and astrometry experiments. Out of
the four signals, only (A)" corresponds to the scenario
allowing for the decay channel n — y¢ to exist and it is
equivalent to the benchmark point (A)’ given by Eq. (21); it
can be searched for only with #ARES.

Similarly as before, Table II specifies the first-order phase
transition parameters (a,/}, T,), which correspond to the
SU(2),, model parameters (gp, 4) for the four signal curves.
The nucleation temperatures in this case are higher than for
the U(1), model, and the discussed earlier lower bound on
the nucleation temperature of O(1-2 MeV) arising from
cosmological measurements is again satisfied.

Upon performing a scan over the (gp,4) parameters of
the model, we arrive at the results presented in Fig. 6, which

shows the regions of parameter space for the gauge coupling
gp versus the quartic coupling A giving rise to signals
detectable with a signal-to-noise ratio greater than 5 during
the mission lifetime of GAIA, THEIA, SKA, and uARES. It
is evident that in this case higher values of the quartic
coupling 4 are required for the signal to be detectable. This
is due to the fact that there are more degrees of freedom in
the SU(2),, model compared to the U(1),, model, which
strengthens the one-loop contribution to the effective
potential, requiring a larger A to balance this change.

VI. CONCLUSIONS

Recently, with the first successful direct detection of
gravitational waves, particle physics acquired a new and
extremely powerful tool to probe new physics models.
Indeed, many extensions of the Standard Model are based
on extra gauge symmetries at higher energy scales which,
when spontaneously broken, may trigger a first-order phase
transition, leading to the emission of a stochastic gravita-
tional-wave background in the early Universe reaching us
today. The shape of its spectrum is determined by the
particle content of the model, thus providing insight into
the high-energy structure of the theory. The literature on the
subject is vast and predominantly models with symmetry-
breaking scales beyond O(100 GeV) have been considered
in this respect.

In this paper, we demonstrated that not only high-energy
particle physics, but also low-energy physics such as
nuclear physics, might benefit from the progress on the
gravitational-wave front. We focused on models with a
symmetry-breaking scale (O(60 MeV) constructed to
explain the neutron lifetime anomaly, which is a puzzling
discrepancy between two different types of experiments
measuring the neutron lifetime. These models, in certain
regions of their parameter space, allow for the existence of a
neutron dark decay channel with dark particles in the final
state, with some being good dark matter candidates. We
demonstrated that for a wide range of parameters, those
models lead to a first-order phase transition in the early
Universe, resulting in signatures that may be detectable in
future experiments searching for gravitational waves at low
frequencies.

In particular, we found that for a range of parameter
values in the case of a model with a dark U(1), gauge
group and a model with a dark SU(2),, gauge group, the
stochastic gravitational-wave background arising from a
first-order phase transition in the early Universe falls
within the reach of the future space-based gravitational-
wave detector #ARES, the pulsar timing array experiment
SKA, and the planned astrometry experiments such as
GAIA and THEIA. Since parts of the predicted gravita-
tional-wave signals lie in regions of overlapping sensitiv-
ities of various detectors, this offers an opportunity of
cross-checking the results, encouraging stronger
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collaboration between the gravitational-wave and astrom-
etry communities. Moreover, since the neutron dark decay
proposal is currently being experimentally probed in
various low-energy experiments, an opportunity of overlap
also exists with the nuclear physics community.

In our analysis, we showed that, for both models
considered, there exists a range of parameter values with
the signal localized in the region corresponding to the lower
portion of the recent NANOGrav 15-year data set region. It
would be interesting to investigate, e.g., if an additional
contribution from cosmic strings would produce a better fit
to the upper part of the NANOGrav signal and, combined
with the phase transition signal, could provide an explan-
ation of the NANOGrav data. Such a cosmic string
gravitational-wave signal can naturally arise from the
breaking of the gauged lepton number U(1), symmetry

at high energies, which itself could lead to the seesaw
mechanism for the neutrinos and constitute a natural
extension of the models considered in this paper.

It goes without saying that a discovery of any primordial
gravitational-wave background would lead to a much
needed breakthrough in particle physics. What makes
the models considered in this paper special is that they
can be probed by many different experiments, leading to
multiple synergies between physics disciplines, which
seems to be the most promising way forward in our quest
to discover the truth about the dark side of the Universe.
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